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SUMMARY 

An electrically powered model Ground Effect Machine, first arranged with 
a thick annular jet and second as a simple plenum chamber, was used in 
an investigation of the roll stability in hovering flight. 

The lift, height, and power relationship was determined and the restoring 
moment and side force due to inclination to the ground were measured. 
The dynamic stability was observed with the machine supported on pivots 
which were firee to move sideways.    These were first located close to the 
base of the model and then at intermediate and high positions above the 
base.    Low and high positions of the model center of gravity (CG) were 
available.    Finally,  the model was flown without any constraints,  in both 
versions and at both CG heights and at an extra high CG position with over- 
load ballast. 

In the annular jet version, the restoring moment was proportional to roll 
angle and changed little with flying height.    The side force on body axes 
was zero at heights less than the jet width and slightly negative (that is, 
towards, the high side of the machine) at greater flying height.    The plenum 
chamber version had little or no restoring moment but had positive side 
force, expressible as a rotation of the lift vector through an angle greater 
than the roll angle.    This effect increased with height, from a ratio 1. 14 
up to 1. 8 at the greatest height tested.    Both versions were dynamically 
stable in their various ways and were little affected by the variation in CG 
height. 

The addition of outward-curved fairings at the lower edges of the plenum 
chamber made the model strongly stable, with a finite restoring moment 
and a lift vector rotation to twice the roll angle, but reduced the hover 
height. 

The experiments are illustrated by 20 diagrams and 4 photographs.    The 
free flight tests were recorded on 200 feet of 16mm color film. 

Some special cases of the skirted GEM with one side in contact with the 
ground are discussed in the appendix of this report. 

ill 



PREFACE 

The experimental work described in this report was performed by 
members of the staff of Norman K. Walker Associates at the firm's 
offices and laboratory at Bethesda,  Maryland, during the period from 
May to September 1963. 

The model GEM was adapted from one which had been built by the 
I      Hexicopter Model Research Company, Arvada, Colorado, and had been 
|      used in a previous investigation. 
I 
i      Mr.  David A.  Shaffer collected the data and prepared the material for 

the report.    He was assisted by Mr.  Richard Brooks who also made 
the alterations to the model and to the test equipment. 

Mr.  Norman K. Walker and Mr.   Alastair Anthony supervised the work 
and edited the report.    They contributed the analysis in the appendix 
and in the section headed 'Simple Theory1. 
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LIST OF SYMBOLS 

a bean or width of GEM bas«t between inside faces of sidewslls 
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G width of Jet 
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L lift force exerted by GEM 

M aerodynamic moment about center of base 

M^ nondimenslonal stiffness in roll, equal to - ty/La 

MA rate of change of M with respect to <6 
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0
b aerodynamic pressure on the base of the GEM 

Vh velocity of air leaving plenum GEM at height h 
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y distance sideways 

Y side force on level GEM against inclined ground 
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p density of air, grains.sec .cm** 



Y angular displacement of GEM in roll 

A angular displacement of lift vector relative to GEM 

Y . rate of change of X with respect to <p%  equal to rate of change 
^ of side force with respect to roll angle 

w angular frequency of oscillation 

xi 



INTRODUCTION 

This Investigation Is concerned with the fact that the lift on 
a Ground Effect Machine rotates with the machine as it rolls. 
This gives rise to the characteristic unique among surface ve- 
hicles: the stability in roll when flying clear of the ground 
is affected very little by the height of the center of gravity 
above the bi se of the machine. 

In a previous investigation, this phenomenon was examined with 
a small GEM model constructed with a thin annular Jet. It was 
found that the lift remained perpendicular to the base, so far 
as the experimental technique could detect, and certainly re« 
malned within 10 percent of the angle of roll. The model was 
actually flown with the center of gravity higher than one beam 
width above the base without any noticeable loss of stability. 

Naturally It was desired to test this conclusion in a GEM model 
which exemplified features applicable to a full-scale practical 
GEM. Most designers, nowadays, are resorting to flexible skirts 
or trunks to allow the machine to ride over obstacles higher than 
the flying altitude. This directs interest toward thicker jets 
and toward the plenum chamber arrangement, since the hollow base 
of a GEM with jet extension in a partial approximation of a ple- 
num chamber. The full plenum chamber design is also of interest 
in its own right, even if only academically, since it has been 
predicted that the lift of a plenum chamber rotates twice as 
much as the machine does and that it therefore exerts a restor- 
ing moment which is greater at the higher CG positions. 

Accordingly, the United States Army Transportation Research Com- 
mand (USATRECOM), Fort Eustis, Virginia, instructed the present 
authors to modify the model GEM by fitting a downward extension 
of its walls and a new base, thus representing a thick-jet GEM 
with trunks.  It was decided to test this in a manner similar to 
what had been done with previous models. Thty desired the tests 
to be done also with the base removed in order to represent a 
full plenum chamber type of GEM. For good measure, the investi- 
gation further modified the plenum version with fairings in order 
to induce maximum lateral discharge of the jet and to set up ex- 
perimentally the assumption on which the theoretical prediction of 
increased stability had been based. 



CONCLUSIONS 

The dyiUMRic stability of a GEH in hovering flight when not in contact 
with the ground or other obstacles is governed by the moment of the aero- 
dynamic forces about the center of gravity of the machine. These may be 
represented by a resultant lift force acting through the center of the 
base and a couple, or static moment, applied to the base. 

For a GEM with a thick annular Jet and comparatively small cross jets 
the static moment is finite and stabilizing, though not so large as when 
the annular jet is thin. For a plenum chamber GEM the static moment is 
generally small or nonexistent and does not increase with roll angle; 
therefore, it does not contribute to stability in roll. 

The lift force rotates with the machine as it rolls. For the annular 
jet machine at a flying height of less than the jet thickness, the rota- 
tion is equal to that of the machine; no side force is developed, and^ 
consequently, the stability is governed by the static moment alone and is 
not affected by height of the CG. At flying heights which are greater 
than the jet thickness, the rotation is somewhat less than the roll of 
the machine; consequently, there is a small negative side force which 
has destabilizing moment about the CG, particularly when this is high 
above the base. However, this effect is slight. 

For the plenum chamber type o: GEM, the rotation of the lift vector is 
greater than that of the machine at all altitudes; this is the cause of 
the machine's stability. The stabilizing effect increases as the CG 
height is increased. 

The magnitude of the additional rotation of the lift is indicated by the 
side force coefficient ^C #. A value^^ - 1.0 has been predicted for the 
plenum, but this is attained only when the sldewalls are faired outwards 
to give maximum lateral discharge. This diminishes lift but results in a 
highly stable machine. For the practical case with straight side walls 
the lateral discharge is governed by a discharge coefficient of less than 
unity. A value 0.6 is appropriate and this results in a value /(. 4 m 0,2, 
The values measured range from 0,143 at h/a - 0.033 to 0.80 at h/a - 0.91 
and the increase with height is attributed to higher values of the discharge 
coefficient when the aperture beneath the sidewall reaches the same order 
of magnitude as the inlet to the plenum. 

There is no direct evidence of positive side force being developeo by 
the annular jet type of GEM.  It is possible that this occurs in some 
degree at very low heights because of the partial resemblance to a plenum 
chamber. If this is so, by the same token the side force will be limited 
to ^( # • 0.2 by the conditions of discharge between the ground and the ma- 
chine and will not exceed this unless special features are incorporated to 
promote the lateral discharge. 



SIMPLE THEORY 

In the simple theory of the free-flying GEM, we disregard any forces due 
to sideways linear velocity or angular velocity of roll and consider 
the GEM as a rigid body acted mi by the aerodynamic lifting forces. 
We assume that these adjust rapidly to the position of the GEM so that 
they are always uniquely related to it. 

The lift forces are then replaceable by a single force acting through 
a fixed point on the machine and a moment about the roll axis through 
that point. For conveniaace we choose this point at ths center of 
the base. 

With the notation of Figure l^we have 

Wk/g  -  -L cosOC* 9) -  W,                  (1) 

Wy/g  »  L sin(X+ 0), (2) 

and         itj/k        -  M - LlySin X .                   (3) 

To solve for the motion we need to know how L, M, and X are related to 
0, z, and y. L is, of course, very strongly a function of the height, z, 
and scarcely, if at all, dependent upon the roll angle, 0; it is apparent 
that the increase of area between the upgoing side of the machine and the 
ground is compensated for by the decrease at the other side. We may there« 
fore assume that z is zero and that for small values of the angular dis- 
placement^L is constant and is equal to the weight, W, This is equivalent 
to saying that the heave motion is not coupled with the roll motion, and 
this is something which can be verified experimentally. 

Equations 1, 2,and 3 then become 

z  -  0  ( z • constant • h), (4) 

y/g  - x+0, (5) 

and I/g0  - M - L^X. (6) 

Equation 6 may be rewritten as 

0   -  g/I . (M0 - Ll^) 0 (7) 

where the suffix 0 denotes partial differentiation with respect to 0 . 

HJ  is the slope of the static stability curve, suitably factored, and 
is clearly constant over small angles of roll. If Xj is constant also. 
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equation ? may be solved Co give 

0 - A sin (vt ♦«»O 

where 
t^2 --( Mj, - UJCj)gll  . 

This represents a simple harmonic motion of angular frequency ur, 

Further» from equation 5 we have 

y - (7^* Dg.A sin b*t ♦«) . 

- y - (^/ 1) g A/»2 .sin S*t ♦•<) . 

and - (^#* I) g/^ . 0 . 

At a point, P, located on the machine at a distance, 1 , above the base, 

yn - y <•(! - 1 ). 0 
P p   w 

P is stationary if y is always zero, which occurs when 

1-1      - - y/0 , P     W j> w       t 

and - -(^ ♦ 1)  I 

The Fiction is thus a pendulous swinging about the axis through P, 
fixed in space and in the machine. 



Case Wh«n ̂  

In the particular case when/-^ Is sero, as was shown In Reference 1 
to be approximately true of the thin annular Jet GEM, 

lp - !„     -    -I/M^       -    g/t*
2   .      (8) 

The period of the oscillation is given by 

period     -   2ir/v      -   27r.(ln - 1 /gj8 .(9) 

This is recognizable as the period of a simple pendulum of length 
1 - 1 . Therefore the axis, P, is located at a distance above the 
CG which is equal to the length of a simple pendulum of the same 
period. 

Case When 2^ 
This is the theoretical case for the plenum wich idealized jet dis- 
charge conditions. Here we have 

»P-1« 

-  -l/( M^ - LI ). (10) 

For static stability M4 is negative, and a positive value ofX^ 
increases the frequency of the oscillation. The height of the axis 
of rotation above the CG is twice the length of the equivalent simple 
pendulum (from (9)). 

Static and Dynamic Instability 

In cases where the machine is statically unstable (M^ is positive), 
it wiU still be dynamically stable if Mfi is not greater than Ll^fti. 
In the limiting case when M4 is equal to LIX^, the motion is aperiodic, 
ami the G£M slides sideways without roll and fails to recover from the 
slightest disturbance. 

Clearly, the dynamic stability is determined by the quantity M^- LI X^ 
or, more properly, by the dimenslonless form written as 

M/La^-/^.l /a. (11) 

The dynamic stability is positive, neutral, or negative according to 
whether or not this quantity is negative, zero,or positive. The length, 
a, is some convenient measure of the size of the machine, such as the 
beam. 



Origin of the Stabilizing Forces 

Since the stability is determined by the quantities M, and ^j, it is 
of interest to see how these are generated. 

In the case of the annular jet GEM, the Jet is formed within the machin« 
and is not primarily affected by rolling through small angles. There- 
fore, when the machine is at an angle, the Jet on the high side is not 
strong enough to hold the base pressure at the increased height. The 
height then must fall, let us say,by an amount ^P*.. Similarly, the 
Jet on the low side is stronger than that required for the decreased 
height; thus, the base pressure must rise, say by an amount 4*P..  If 
there were no stabilizing Jet, this pressure gradient would create a 
cross flow in the cushion toward the high side. Howevex., if the sta- 
bilizing Jet is strong enough to hold the pressude difference (A+AOP^» 

it will do so. This gives at once A?.  - ^'PK* *n order that there shall 
not be an excess of lift, and a moment ^M • ^Pb.a. A small amount of 
side force will be developed to balance the partial flow of the stabiliz- 
ing Jet toward the high side, but otherwise the lift force will remain 
normal to the base. 

The magnitude of the restoring moment may be estimated from a knowledge 
of the lift height characteristic of the machine. For the model used in 
these experiments. Figure 13 shows a slope of 1/0.0002 for the height 
against lift to the power 1.3. That is to say, 

dh/dL - (1/0.0002) . 3/2 . L"2'5 

0.5 d0/dPb - -0.75 .  104 . 252"2'5 

and d^P, - -1/68. 

This gives 1   .   dM 
la                d? 

- -68/252 

-  -0.27. 

In the subsequent experiments, slightly lower values of the static 
stability were measured for the annular Jet model. These are shown 
in Figure 16. 

The simplest arrangement of a plenum chamber GEM with straight side- 
walls has no obvious place where a difference of pressure between one 
side and the other can be maintained. Because of this, the aerodynamic 
moment, M, must be expected to be always small. The asymmetric flow 
of air across to the high side will generate side force on the machine, 
and this will be appreciated as a rotation of the lift vector beyond 
the angle of roll. The case has been discussed by Wemicke in 



Refttrence 2. At Ch« limiting angle when Che downsida is Just touch- 
ing the ground, the plutum is vented only at the other side (neglecting 
the outflow at the ends). The aperture is 2h in height and is equal to 
a0.  If it is assumed that the air is fully expanded to atmospheric pres- 
sure at the moment when it passes the aperture and has a velocity Vh, the 
mass flow per unit length will be/>.2h.V . This produces a horizontal 
forcet/0t2h.VJ*. For the air to be fully expanded,/?.Vu ■ 2Pb. There- 
fore, the horizontal force is 4hP , which is equal to 2(foPb or 210, 
Thus, the lift is inclined at an angle 20 to the ground, or at an angle 
0 Co the machine. In this case/^- 0, and7^" 1.0. 

In practice, as borne out by the experiments with the plenum model GEM, 
the value Jd* - 1.0 is not ordinarily attained. The flow picture as 
sketched la Figure lb is incorrect. The discharge from the plenum will 
be horizontal along the surface of the ground, but at the upper boundary 
of the aperture there must be some flow downward and parallel to the side 
wall. The case approximates   that of an orifice in a flat plate which 
is symmetrical about the ground line and for which a discharge coefficient 
of less than unity is appropriate. Reference 3 quotes a value C - 0.6 for 
two-dimensional flow through a sharp-edged orifice. With this value, the 
horizontal force works out to be only 1.2L0 so that the side force is only 
O.2L0 and X# a 0.2. This value is more typical of the experimental results. 

In particular cases, appreciably higher values ofjtj   are to be expected. 
When the rise height is increased,the area of outlet beneath the skirt 
of a plenum chamber GEM becomes larger. The velocity, V. , at the outlet 
is comparatively low, and as it approaches the value of the intake velo- 
city, the plenum chamber is functioning less as a plenum and more as a 
duct. The tendency then is for a velocity to be maintained through the 
central parts of the chamber with eddies filling the corners. With these 
conditions,the entry conditions to the aperture are much improved and a 
discharge coefficient higher than 0.6 is to be expected. We would, there- 
fore, expect P^v to increase towards unity as the hover height is increased. 
Such was in fact found tc be the case. 

In a special case where the side walls are faired to give a horizontal 
flow past the lower edge, the discharge coefficient may approach unity. 
In this case, the full value of JXj  - 1.0 will be realized. Other ef- 
fects will also be introduced, because curving the flow around the fair- 
ing will reduce the pressure on it and produce a downward force which is 
in opposition to the lift of the machine. As the lower side comes near 
to the ground the flow is cut off, and on the other side the downward 
force on the fairing is unbalanced and contributes a powerful stabilizing 
moment to right the machine. We should therefore expect this arrangement 
to be deficient in lift, to be statically stable with a nonlinear rela- 
tionship between M and 0, and to have Xa    " 1«0, thus giving a strong 
dynamic stability. These characteristics were noticeably present in the 
modified plenum model which had s ich a fairing. 

3 



THE MODEL GEM AND THE EXPERIMENTAL PROCEDURE 

1 
The model GEM had been built for a previous investigation and re- 
quired only a little modification for the present work.  It is illus« 
trated in Figures 2 and 3 in the forms used. Figure 2 shows the overall 
dimensions applicable to all versions and the base used in the thick 
annular jet version. The sectional view of Figure 2, Sheet 3, shows 
the annular jet in greater detail. Figure 3 shows the same thing with 
the base removed to provide the plenum chamber in its primary form 
with straight sidewalls and in the modified form with the fairings 
added to the sidewalls. 

The "Thick" Annular Jot Model 

This is so called to distinguish it from the earlier version. The 
annular jet is 1.00 centimeters wide and is parallel to the sidewalls. 
The base is quartered by stabilizing jets, which are 0.32 cm. wide. 
The total area of stabilizing jet is 0.152 times the area ot  the an- 
nular jet. This is sufficient to make the machine statically stable, 
though not strongly so. 

For changing the position of the center of gravity, the machine is 
provided with two ballast weights of 32 grams each. These are placed 
at the ends of the yardarms to give the low position and at the mast- 
head to give the high position. The extra high position is achieved 
by an additional weight at the masthead, which increases the aHover 
weight of the machine considerably. 

The model is powered by two small permanent magnet direct-current motors 
connected in series across a 36-volt supply with a rheostat to adjust 
the current. The assumption is made that the power delivered to the 
fans is determined by the current in the circuit. The fans are mounted 
in faired entries to the body of the machine, but no special provision 
is made for distributing the air evenly to the periphery. 

The machine is equipped with a superstructure which provides rol. pivot 
axes at various heights. 

The Plenum Chamber Mode1 

This is derived from the annular Jet model simply by removal of the 
base, which reduces the allover weight somewhat but leaves the other 
particulars unaltered. For the "modified" plenum, the addition of the 
small fairings at the lower edges of the walls increases the weight by 
a small amount. 

Particulars of both versions of the model are given in Table 1. 
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TABLE 1 

MODEL ODfEMSIONS AID TEST DATA 

Plenum Model 

Extra 
Tare Low CG High CG High CG 

210.4 274.6 274.6 380.0 

21,000 81,000 68,000 111,000 
9.15 9.50 16.35 22.9 

Weight in grams 
Moment of Inertia about 

CG, grams.cm? 
CG height above base, cm. 

Annular Jet Model 

Weight in grams 252.4      316.6      316.6        420.0 
Moment of Inertia about 

CG, grams.cm? 28,200      88,500      78,000      150,000 
CG height above base, cm. 8.85       9.05      15.1         21.8 

Annular Jet Width    1.0cm. Stabilizing Jet Width        0.32cm. 
Ratio, Stabilizing Jet Area / Annular Jet Area 0.152 

Dimensions Common to Both Models 

Length of Model at Base, inside faces of end walls 
Beam of Model at Base, inside faces of side walls 
Area of Base 

Fans, 2-x-6-lnch diameter. Disc Area 
Power available, approximately 

Test Altitudes        0.70cm., 1.00cm., 1.45cm., I.90cm. 
Altitude Ratio h/a     0.033   0.048   0.069   0.091 

38. 
21. 

805. 

,35cm. 
,0 cm. 
,4 cm? 

365cm? 
30 watts 
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Figure 4.      The Tctt Rig Set Up to Measure Lift 
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Figure 5.   The GEM Model in the Trapeze Rig 
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Figure 6.   The Test Stand 
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Figure 7«  The GEM Model Showing the Base and Jet Configuration 

18 



Measurement of Lift 

For this the ballast weights were removed. A pivot axis slightly 
above the CG was selected and used to support the model in the arms 
of a horizontal weigh beam. The beam waa pivoted to allow the mach- 
ine to rise and fall vertically and was provided with a counterbalance 
so that the vertical force on the mchine could be varied and measured. 

The rise height of the machine was derived from the angular position 
of the weigh beam as indicated by the position of a spot of light 
reflected from a small mirror attached to it. 

In the power-off condition, the machine rested on the horizontal ground 
board. When the power was applied, the lift force was predetermined by 
the oalance of the weigh beam and the machine rose to the appropriate 
height in accordance with the power value. Results of these tests are 
given in Figure 8 with the variation of rise height with current for 
fixed values of the lift, the plenum chamber model, and the modified 
plenum chamber model. Figure 9 gives similar data for the annular jet 
GEM. The data are replotted as a variation of lift with rise height 
for fixed values of the current in Figures 10 and 11. From these graphs 
the lift can be determined for any given values of the rise height and 
current. The numerical data are given in Table 2. 

Measurement of the Static Stability in Roll 

For this measurement the machine remained pivoted in the horizontal 
weigh beam, which was now clamped so as to restrain the machine to a 
fixed height. Rolling moments were applied by placing a small weight 
at positions along the yardarm. This caused the machine to adopt angu- 
lar positions, which were observed by the reflection from a small mirror 
attached to it. These r suits are plotted in Figures 12 through 15 as 
the ratio M/La against the angle of roll for various values of the rise 
height. Lift was derived from motor current using the calibration of 
the preceding section. Because of the zero dimensions of the parameter, 
M/La, the values at different values of the lift plot along the same 
lines. 

For the annular jet GEM, the slopes of the graphs show little change 
throughout the range of rise height. This indicates that the machine is 
consistently stable with little change of stiffness in the range. 

The plenum GEM is only very slightly stable at the lower heights in 
the range and is neutrally stable at the higher end of the range. 

The modified plenum is strongly stable at the height at which it was 
testeJ, roughly in the middle of the range. 

The numbers are given in Tables 3 and 4. figure 16 shows the stiffness 
of the annular jet GEM in comparison with the values previously obtained 
for the thin annular jet in Reference 1, related to theoretical estimates. 
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Figure 9« 

1 ^       2 

(Amps)2 

Variatloa of Rise Htight With Motor Current for flx«4 
Valuot of Lift - Thick Annular Jat Modal GEM 
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TABLE 2 

VARIATION OF RISE HEIGHT WITH MOTOR CURRENT FOR FIXED LIFTS 

ANNULAR JET GEM 

Lift    Current Height 

415.5 

311.7 

252.0 

184.0 

150.5 

1.15 
1.10 
l.OC 
0.90 
0.73 

1.10 
1.00 
0.90 
0.77 
0.70 

1.15 
1.10 
1.00 
0.90 
0.80 
0.70 
0.60 

0.665 
0.665 
0.492 
0.308 
0.246 

1.106 
0.% 
0.763 
0.492 
0.357 

1.51 
1.41 
1.27 
1.12 
0.897 
0.652 
0.394 

1.20 2.38 
.   10 2.14 
1.00 1.89 
0.90 1.65 
0.81 1.40 

1.20 3.13 
l.iO 2.83 
1.00 2.47 
0.90 2.09 
0.77 1.66 
0.70 1.49 
0.60 1.22 

PLENUM GEM 

Lift    Current Height 

375.4 

206.1 

137.9 

104.6 

0.77 
0.90 
1.00 
1.10 
1.15 

0.60 
0.70 
0.77 
0.90 
1.00 
1.10 

0.55 
0.60 
0.70 
0.76 
0.84 
0.90 
1.00 
1.00 
1.10 
1.20 

0.55 
0.60 
0.70 
0.82 
0.90 
1.00 
1.00 
1.10 
1.20 

0.184 
0.480 
0.774 
0.872 
0.885 

0.783 
0.985 
1.046 
1.215 
1.350 
1.390 

1.13 
1.23 
1.38 
1.50 
1.57 
1.64 
1.76 
1.77 
1.87 
1.99 

1.40 
1.50 
1.65 
1.88 
1.99 
2.24 
2.12 
2.36 
2.62 

MODIFIED PLENUM GEM 

Lift    Current Height 

315.5    1.10        0.19 
1.20        0.35 

276.1 1.00 0.175 
1.10 0.364 
1.20        0.553 

211.8 

169.6 

143.6 

111.8 

0.75 0.270 
0.80 0.364 
0.90 0.486 
1.00 0.675 
1.10 0.783 
1.20 0.917 

0.75 0.5A 
0.80 0.675 
0.90 0.85 
1.00 0.985 
1.10 1.092 
1.20 1.21 
0.75 0.837 
0.80 0.945 
0.90 1.08 
1.00 1.19 
1.10 1.32 
1.20 1.44 

0.75 1.19 
0.80 1.28 
0.90 1.46 
1.00 1.58 
1.10 1.70 
1.20 1.86 
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Measurement of the Side Force 

The side force, IX , is the component of the lift which is parallel to the 
base of the machine when the machine is at an angle to the ground. More par- 
ticularly, it is the horizontal force on the machine when the machine if fly- 
ing level over sloping ground. The side force is uphill or downhill according 
to whether or not "X^  is positive or negative. 

To measure the side force, the model was clamped in a tall "trapeze" struc- 
ture which was free to swing about an axis 127.4 centimeters above the base 
of the mod«. 1. The assembly was ballasted so that it hung with the model base 
positioned horizontally in the static, power-off condition. The ground board 
was set down to give the desired flying height and rotated through a range of 
angular positions. At each position a corrective force was applied to the as- 
sembly to restore it to the static position. 

The corrective force is opposing both the side force and the static stabilizing 
moment, acting about the trapeze plot, due to the roll angle relative to the 
ground. This may be allowed for since the static stabilizing moment, M, is 
known from the experiment described in the preceding section. 

The experiment was performed twice with a difference in the method of applying 
the corrective force. In Method 1 this was applied as a vertical force simply 
by hanging a smaV.   weight on the yardarm and moving it in or out until the sta- 
tic position was reestablished. This had been found to be successful with the 
thin jet model of Reference 1; it is tedious to apply, because the assembly takes 
a long time to settle to the static position and meanwhile is very susceptible 
to disturbance from random air currents.  In Method 2 the correction is applied 
as a horizontal force by causing the assembly to deflect the thread of a sus- 
pended weight. The static position was found by moving the point of suspension 
toward or away from the assembly. The method has the merit that force thus ap- 
plied is damping to the swing about the static position, which thus can be more 
rapidly found. 

The two methods are illustrated in Figures 17 and 18. The applied force is con- 
verted to a moment about the trapeze pivot, the static moment is subtracted, and 
the residue is converted to an equivalent force at the base of the machine. The 
results are plotted in Figures 19 through 22 as a ratio of the lift (that is, as 
the angle X ), against 0, the angle of the ground board relative to the machine. 
The slope of these plots is the derivative "X^, which appears in the criterion 
for dynamic stability on page 6. 

For the annular jet GEM, "X^ is practically zero at heights  less than the jet 
width and decreases to -0.167 at a height of 1,90cm. 
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For the plenum chamber GEN, ^^ is positive at all heights, ranging from 
the value 0.143 at a height of 0.70 cm. to 0.80 at a height of 1.90 cm. 

For the modified plenum, the observed value of )L^    was 1.03 at a height 
of 0.70 cm. 

Figure 23 shows the plenum chamber values of )£+     plotted against h/a, 
the ratio of flying height to the beam of the machine.  In Figure 24 the 
values of )L*  for the annuler jet version are plotted against the height 
to jet width parameter, h/Ge, along with many other values collected in 
Reference 1. 

The numerical values of Y/L and tan %  for the annular jet GEM are listed 
in Table 5. Those for the plenum GEMs are in Table 6. 

TABLE 5 

SIDE FORCE DUE TO ROLL 

ANNULAR JET MODEL GEM 

Lift - 362 grams Lift - 240 grams Lift - 181 grams Lift - 184 grams 
i 1.0 amp i 0.8 amp i 0.8 amp i 1,0 amp 
h 0.70 cm h 1.00 cm h 1.45 cm h 1.90 cm 

Y/L tan 0 Y/L tan 0 Y/L tan 0 Y/L tan 0 

+0.0022 +0.0000 -0.0130 +0.0000 -0.0086 +0.0000 -0.0016 0.0000 
0.0021 0.0170 0.0135 0.0147 0.0084 0.0148 0.0042 0.0170 
0.0022 0.0340 0.0140 0.0294 0.0086 0.0295 0.0047 0.0340 
0.0023 0.0510 0.0145 0.0440 0.0105 0.0295 0.0054 0.0510 
0.0027 0.0612 0.0149 0.0599 0.0100 0.0442 0.0072 0.0681 
0.0017 0.0000 0.0142 -0,0147 0.0127 0.0590 0.0032 0,0850 
0.0017 -0.0170 0.0144 0.0294 0.0119 0.0590 0.0016 0.0000 
0.0015 0.0340 0.0150 0.0440 0.0117 0.0740 +0.0012 -0.0170 
0.0048 0.0510 0.0168 0.0590 0.0121 0.0886 0.0033 0.0340 

0.0130 0.0000 0.0084 0.0000 0.0043 0.0510 
0.0062 -0.0148 0.0061 0.0681 
0.0053 0.0295 0.0074 0,0850 
0.0064 0.0295 
0.0048 0.0442 
0.0045 0.0590 
0.0041 0.0740 
0.0085 0.0072 
0.0064 0.0000 
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TABLE 6 

SIDE FORCE DUE TO ROLL 

PLENUM MODEL GEM 

Lift • 270 grams Lift - 223 grams Lift  - 156 grams Lift - 80 grams 
i 0.8 amp I 0.8 amp i 0.8 amp i 0.8 amp 
h 0.70 cm 

tan 0 

h 1.00 cm h 

Y/L 

1.45 cm 

tan 0 

h 

V/L 

1.90 cm 

Y/L Y/L tan 0 tan 0 

-0.0094 -0.0592 +0.0041 +0.0102 +0.0057 +0.0034 +0.0025 +0.0000 
0.0166 0.0427 0.0078 0.0272 0.0074 0.0136 0.0184 0.0168 
0.0022 0.0322 0.0124 0.0^42 0.0144 0.0360 0.0222 0.0168 

+0.0002 0.0247 0.0188 0.0613 0.0215 0.0476 0.0184 0.0168 
0.0025 0.0071 0.0239 0.0785 0.0288 0.0647 0.0349 0.0336 
0.0178 0.0017 0.0032 0.0102 -0.0116 -0.0240 0.0456 0.0504 
0.0097 +0.0220 -0.0013 -0.0062 0.0227 0.0371 0.0399 0.0504 
0.0132 0.0443 0.0046 0.0238 0.0311 0.0545 0.0532 0.0672 
0.0188 0.0572 0.0106 0.0408 0.0063 0.0034 0.0025 0.0000 
0.0066* 0.0102 0.0127 0.0580 -0.0036 -0.0168 
0.0108 0.0272 0.0027 +0.0102 0.0228 0.0336 
0.0132 0.0442 0.0165 0.0334 
0.0153 0.0613 0.0387 0.0504 
0.0070 0.0102 0.0525 0.0672 
0.0043 -0.0068 
0.0014 0.0238 

-0.0008 0.0408 
+0.0070 +0.0102 

MODIFIED PLENUM MODEL GEM 

Lift - 207 grams 
i 1.0 amp 
h 0.70 cm 

Y/L tan 0 

0.0089 0.0000 
0.0187 0.0170 
0.0375 0.0340 
0.0557 0.0510 
0.0193 0.0170 
0.0374 0.0340 
0.0627 0.0510 
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Applied moment » W  (d) 

Figure 17.  Measurement of Side Force - First Method 

UlLLUULU 

Force applied at X = W2 (d* - d2)/Pi 

Figure 18.  Measurimeat of Side Force - Second Method 
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Quasi-Free OscllUtton Meaturements 

If the GEN were pivoted about an axis which coincided with the free 
roll axis P of Figure 1, the pivots should apply no constraint to the 
rolling motion but should merely serve to suppress heave, yaw, pitch, 
and fore and aft motion. If the pivot axis were free to move sideways 
and were located below the axis P, it should not constrain the motion 
but should move sideways with the GEM in the motion.  If the pivot axis 
were above the axis P, it should move sideways in opposition to the GEM. 

This was demonstrated for the thin annular jet GEM and is described in 
Reference 1. The GEM was pivoted in the trapeze which was free to swing 
sideways. The angle between the GEM and the trapeze was measured by a 
virtually frictlonless electrolytic potentiometer. The angular position 
of the trapeze was measured by means of a conventional low-friction po- 
tentiometer, which also gave the lateral position of the pivot axis. The 
oscillation was excited by releasing the GEM from a displaced position, 
and four or five cycles were recorded in each case. When the pivot was 
low it moved sideways with the GEM, and when it was high it moved In op- 
position. By a comparison of the amplitudes, a position for zero move- 
ment, that is the position of the axis P, was determined as 13.3 cm. above 
the CG in the particular conditions of the test. 

The attempt was made to repeat this experiment with the thick annular 
jet GEM and the plenum chamber GEM.  In both cases the oscillation with 
the pivot low (position 1 of Figure 2) showed the pivot axis moving side- 
ways with the GEM, though only two or three cycles were discernible. At 
the highest available pivot (position 3) the oscillation could not be ex- 
cited in either case. Instead, the whole assembly swung about the axis 
of the trapeze more or less as a simple pendulum. The reason for this is 
apparent from consideration of the static stability of these versions of 
the GEM. For the thin jet of Reference 1, the nondittiensional stability 
T!^ ( -M#/La ) was 0.97. For the thick jet the corresponding value was 
only 0.223, and for the plenum it was almost zero. Therefore, disregard- 
ing the influence of PC 4 on  the position of the axis of rotation it is evi- 
dent that the axis is very much higher In the machine Jor both of the pre- 
sent versions. To get above it, in order to show the antiphase characteris- 
tic, a superstructure of more than 60 cm. in height would hav«* been necessary, 
together with a very much taller trapeze and test stand.  It was considered 
that the feasibility of these alteration: was doubtful and was certainly not 
capable of being accomplished within the budget of this contract. 

42 



The GEMs in Free Flight 

As a demonstration of the dynamic stability of this model GEN in both 
of its versions, it was set down on the laboratory floor and flown round 
the room. The motor current was supplied by a very flexible twin pair 
of wires attached to one end of the machine at approximately the height 
of the CG and carried by the operator on a wand, so that he could exercise 
some control in pitch and yaw without exciting the roll oscillation. 

Both versions of the GEM were dynamically quite stable in both the low 
and the high CG positions. At the extra-high CG position, with its ad- 
ditional weight, the power available would lift the machine only a few 
millimeters and consequently only very small roll angles could be dis- 
played without contact with the floor, but there was no doubt that both 
versions of the machine were stable over these small displacements. 

Qualitatively, therefore, the dynamic stability is little affected by the 
height of the CG, and there is little difference in character between the 
two types of GEM despite the different ways in which this is produced. 
The fact that the Plenum GEM was not stable statically was not apparent 
from its behaviour in flight, and it is evident that the rotation of the 
lift vector to produce positive side force is an important factor in pro- 
viding the stability in flight. 
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APPENDIJC 

THE ROLL STABILITY OF A SKIRTED GEM 

WITH THE SKIRT IN CONTACT WITH THE GROUND 

INTRODUCTION 

Discussion of the stability of a skirtsd Ground Effect Kachine in 
free flight is incomplete without sons consideration of what hap- 
pens wheh the skirt makes contact with the ground. 

When this happens it is fairly evident that the system of forces 
for the free flying GEM as described in the "Simple Theory" section 
of this report does not apply. We must, then, hav« a total or par- 
tial sealing of the air against escape on that side and the indroduc- 
tion of a force or combination of forces applied by the ground to the 
skirt. 

The practical GEM is likely to be of the annular Jet type with skirts 
or trunks extending the jet downward. As shown in the theory and in 
the tests described in this repo. t, such a GEM experiences a static 
stabilising moment a.id a lift force which is always normal to its 
base and central in the machine. Its icotion in roll is as if it 
were swinging like a pendulum from a supporting axis located at a 
distance above the cehter of gravity. Therefore it is always moving 
sideways toward the lov side when displaced in roll. If the ground 
or other obstacle is struck, the reaction upon the GEM must always 
include a horizontal component of force which opposes the motion and 
consequently tends to increase the angle of roll and overturn the ma- 
chine. Upward vertical components, if present, will tmnd to right the 
machine. It is therefore of interest to examine cases where the ground 
reaction is entirely horizontal because these are likely to be severe. 
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SUMARY AND CONCLUSIONS 

(l)   Th« GEM noving sidavs/s with one skirt just touching th« ground 
And encountering « step of height't'with a coefficient, of fric- 
tion ]/x  will fold the entire skirt and bump it» hard structure 
on the step if ^it/s exceeds a critical value y^ where 

^ = Mrf • 2h . 
s   1 <- 2h 

w 

Otheirwiee it will recover to normal flight, 

(2) Äuapiag the hard structure and digging it in, the dM will 
overturn if the kinetic energy is sufficient, 

(3) If the hard structure dees not dig in but rebounds or slides, 
the vertical reactions of the grouhd will, in general, exert 
strong righting moments on the machine. The special case where 
there is no bump is the same analytically as that in which the 
machine is initially at rest with one side pressed against an 
incline. The steepest such incline is one whose slope is equal 
to s/a and the GEM will slide uphill or stick according as u 
is less or greater than a critical value u = 2h/s. It will 
roll into the ground, or off it, according as ;i is greater than 
or lees than u as defined in (1). These t^o criteria determine 
four distinct fesponses for GSiS in this situation. 

If the slope is less than s/a the critical value of u is un- 
changed, but ^i is increased. In particular, on level ground, 
^s is increased by unity to a value of 2h/s + 1. 
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THEORY 

The c*s®s considered are all presuned to deyelop fro» free flight 
with the GEM rolling at a mein height h. The fre» flight roll is 
as a pendulum swinging about the axis P located above the CG of the 
sachine* By definition the swing is limited to the anplitude 
f$ aax. where 

An arbitrary velocity sideways ( 
roll. 

With the notation of Figure 1 
of the main text, let s be the 
length of skirt. 

(1) 

=▼) may be superimposed on the 

For a thin annular Jet 

"X^ = 0 

and the axis P is at a position given by 

ip = -w 
and 

yskirt * ▼ - w . i . 

In this condition the aEM Encounters a step of height 't1 

(2) 

(3) 

C4) 

which causes the skirt on the low side to fold part of its length, 
U* horizontally along the step. 
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The skirt. Is presumed to make &n affectlv« seal with the ground when in 
contact with it. The pressure inside does not increase further with roll 
angle. F^r the lift to remain constant supporting the weight of the 
«achine the height at the other side must remain fixed at Z  h. The pres- 
sure difference across the base is governed by the strength of the central 
stabilising jet. Let us suppose that this was just sufficient to produce 
the stabilising moment. 

M = M/. ^   = M/. 2h/a. f    rmax   P        ' 

The Jet pressure is applied to the folded part of the skirt and this 
is transmitted to the ground. As the skirt slides over the ground a 
horisontal frictional resistance F is developed. 

F ^/«P^. s' (per unit length) 

= JI W . s1 

a 
3 Ji W (t - 2h + «^)      for any angle 4 

a 
and we assume that this can be transmitted to the GEM thru the unfolded 
part of the skirt. 

Taking moments about the CG, and assuming that the friction force will 
act parallel to the base, 

I/g. 7 = M + F (1 + s-s) 
w 

sM+uWs' (1 + s ■»• Ih - t ) 
a     ¥ 

= M + j*W U + s. + 2fc - t ) ( ^ - 2h - t ) 

= jLiW(l +s+2h-t)(^- 2h - t +    A ) 
W ( a     |iW ( lw -f-s + 2h - t)) 

/. ?> o if A ( 2h - t -    M  ) 
/( a       ^AW' ( lw + s + 2h - t )* 

This is true initially because 

Therefore> 

WAX 

9   • 

4}o; thereafter if 
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t/a\ -M = -M appröx. 
'    JJW ( lw + s + 2h - t )       pW ( ^ + 2h ) 

( Since s - t    is saall compared with 1^ -«-2h./ 

Th*t is, if 

nt/a\  -M 
/   La 

a 
(Iw + 2h ) 

This result shc^s that the GEM at full roll, j< = ^MX and ^ = o 
encountering the step of height t, vill fold its skirt and bump its 
hard structure if 

fit \  -Mat . j »ax a 
T >  ^ Laf    •    TTTTir) w 

that is 

^1 \ + M, .   2h 
a /   *       T\ + 2h ) 

or    üt  M, . 2h/s .    a  
s   f r^ + 2h ) 

For the test model flying at h = 1cm. and(say, s= 2cai., a - 21cm., 

M^ * 0.25, 1 + 2h = 9.05cm. (low CG) or 15.1cm ( high 0G ). 

Therefore the GSM will bump hard structure if 

jut \ 0.25 x 2 x 21 ( low CG ) or 0.25 x 2 x 21 (high CO), 
r   / 9.05 15.1 

i.e., /at^> 1.15cm ( low CG ) or 0,7cm. ( high CG ). 

Suppose Jk * 0,25. 

Then the GEM model will bump if  t) ^.6cm. (low CG) or if t) 2.8om. (high CG). 

Since the hard structure clearance , h + s " 3ca, a step higher than 
t = 3cm will hit the sidewall.  But the low CG GEM will recover normal 
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flight froa all steps up to t - ?m; and at high CG; up to 2.3cm. 
(of course If a = 1 the Initial step heights are reduced to one 
quarter). 

Cases when ut/a\j^ . ( 2h ) 

As shown in the pr*cmiing section, when this condition applies the 
GEM does not recover normal flight, but accelerates its roll ( 1*^ 0 ) 
until all the skirt is folded and the hard structure buunps down on the 
step. 

What happens next depends upon various öircuzastances; the nature of the 
ground, the initial conditions^ and the values of the terms which govern 
the angular acceleratioh. 

If the nature of the contact is sucn that the hard structure digs in 
and is brought to rest, the GSM will topple over if there is enough 
kinetic energy to lift the CG over dead center. The lift and moment 
of the GEM will fall to zero as soon as the hign side is raised much 
above 2h. 

The kinetic energy may be evaluated by integrating the equation of 
motion on page 2 and adding the energy of th* translating velocity. 

y&i     = /iW ( 1 + s ) [^2 . ( 2h - t -   M ^ H 
_  w     L       a     uW ( 1 + 2h ) J 

if i= wir w 

max 

K.E. = 1  ( K2 + lw
2 + a2/4 ) . ^W ( ^ + 2h) [ ] ^ + rf/Z 

Where 4 * 2h - t ■»• s   i       " 2h r      ., raax  — 
a a 

p-E-swg{&/2sinrvo^l( 

and GEM topples if K.E, \   P.E. 

If the nature of the ground is such that the hard structure is not 
brought to rest by the contact!tue ensuing motion is complicated in 
general. 

An Interesting simple case occurs when the contact is made at zero 
angular velocity. If the angular acceleration is also zero  the 
attitude will not change and the machine will slide or stick in this 
attitude. 
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This is a Uniting case of the notion prevlouslj considered if we 
take t = s, the saxlaim height of step which can be encountered in this way. 
For zero angular acceleration the friction ^i must haro a critical ralue, 

»  1 + 2h 
w 

Sliding will occur if the side force 1^ > P., 

This will be so if ^ is less than the critical value ja 

where L^ » F-u8 . W/a. s. 

i.e. , when   /^g = 2h/S' 

The form of these expressions is unchanged if we replace the step of 
height s  with a continuous incline of slope s/a . 

This is now the case of the GSM lying against a hillside of slop«, 
x = s/a. 
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Sticks and rolls off 

Cotffficiont 
of 

frictior. 

(3) Sticks, rolled on 

us critical for slide 

0 

(2) Slides uphill 
and rolls on 

(1) Slides uphill 
a ijd rolls off 

CG height 1 /a 
v 

/•O 

Qimb or stick boundaries for GEM on hillside 
(Curve for model GErf at h = Icm, assumed s = 2cm) 

This shews *hat for any skirted GEM there are k regions of possibility.* 

(1) ji < ur and  n 

The machine will slide uphill, rolling off and recovering free flight 
with skirt clear of ground. If a control moment is applied in the pos- 
itive sense of the machine can be made to climb the gradient. If 2h   s 
it can do this in free flight anyway, so there is no advantage in putting 
the skirt on the ground. By the sane token, there is little penalty 
other than a change of trim and control moment. 

^r < » < 

The machine will slide uphill, trying to roll into the hillside, 
Beaction from the ground, and loss of lift from raising the trailing side, 
must restrain this roll, though perhaps not continuously. 

This happens with fairly high CG positions and high (fairly) values of u 
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(3) )>r  <?,   <r 
The machine cannot climb, but remains stuck with Its edge pressed 
into the hillside. 

(4) jx,     <   «     <Cpr 

The machine cannot climb the hill but rolls down it, thus regaining free flight. 

The GSM's behaviour against a slope less than s/a can be derived easily by 
rotating the picture through the change of slope. 

The moments about the CG are unaffected by this change. Therefore, as 
before. 

^ « M^ . 2^ 
s   1 + 2h w 

and the skirt remains pressed to the ground if p.   exceeds u . Assuming 
that the machine was placed in t-.is attitude initially, it will remain so, 
sliding laterally if u ^ji <^ p      and stationary if u <^^i , jis <r yM- 
It will get up and fly normally ifs  / <, J^. ^ 

This  treatment is deliberately oversimplified, but even so illustrates 
the complexity and general form of the phenomena involved. 

In particul? - the neglect of s - t, relative to L + 2h may be incorrect 
for a machine of slightly different geometry, and we have ignored alto- 
gether the forces due to deforming the skirt which will produce minor 
effects on lift but an appreciable restoring moment. 

An interesting effect which will be examined further in a later report, 
is found by tapering, or reducing the periphery of the skirt. This is 
common practice« since the skirt is then stabilised to a more easily 
defined shape by the base pressure. Now if the skirt folds the ground 
supports a download which was previous tensioning the skirt.  Hence the 
Center of Pressure shifts to the downward edge, and a considerable 
additional stabilizing moment, increasing with roll angle, is developed, 
giving much more favorable results. We believe that this phenomenon 
explains the comparatively satisfactjry results achieved in practice, with 
skirts of rubberised fabric, which should have a rather large coefficient 
of friction. 
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